Introduction
Cycloaddition reactions are not necessarily pericyclic. 1 Some discussion has accounted in the past concerning classical cycloadditions like Diels-Alder reactions, dipolar cycloadditions and related processes directed to consider the possibility of stepwise biradical mechanisms. 2 In several cases, the biradical process has shown to be favored with respect to the corresponding concerted mechanism; this is the case, for instance, of some Diels-Alder reactions 3 and dimerization of nitrile oxides. 4 Alternatively, pseudopericyclic reactions have been defined by Birney and co-workers as a novel approach to explain apparently disallowed pericyclic reactions. 5 Intermediate situations have been reported by Houk and co-workers 6 and recently, we have reported a variation that could be considered as a bipseudopericyclic process. 7 Cycloadditions can also take place through a polar stepwise mechanism. 8 Indeed, typical concerted reactions can move to a polar mechanism when catalyzed with Lewis acids. thiomethyl ylides supported by DFT calculations 12 although ELF analysis showed that the reaction was not pericyclic. 13 A concerted mechanism has also been invoked for the 3 reaction between azomethine ylides and simple substituted alkenes 14 as well as for organocatalyzed reactions. 15 On the other hand, Cossío and co-workers demonstrated a stepwise mechanism for the reaction of azomethine ylides with nitroalkenes by detecting an intermediate by NMR spectroscopy. 16 The stepwise process was also supported by DFT calculations as in the case of a cycloaddition catalyzed by silver and copper complexes reported by Najera and co-workers. 17 Moreover, Carretero and coworkers demonstrated the capability of azomethine ylides of behaving as nucleophiles (the first step of a stepwise cycloaddition) in the addition of such compounds to imines through a Mannich-type reaction. In the case of nitrone ylides the oxygen atom does not participate in the reaction and a different approach should be considered. In our previous experimental paper we isolated an open-chain intermediate for the reaction with methyl acrylate, demonstrating that the reaction followed a stepwise mechanism. On the other hand, we were not able of isolating the corresponding intermediate in the case of disubstituted alkenes (dimethyl maleate and fumarate). Since the stereochemistry of the alkene was conserved and the reaction showed to be stereospecific it might indicate that a concerted mechanism could operate in the case of disubstituted alkenes. To seed up some light on the mechanism of this reaction, the cycloaddition of nitrone ylides with electron-poor alkenes, we have carried out a full theoretical study of the reaction considering both mono-and disubstituted alkenes. In this paper we report our results on that study.
Computational methodology. Computations with density functional theory (DFT)
were done using the exchange-correlation functional B3LYP 22 and Thrular's functional M06-2X. 23 Standard basis sets 6-31G(d) and 6-311G(d,p) were employed and diffuse functions were added in both cases. 24 The nature of stationary points was defined on the basis of calculations of normal vibrational frequencies (force constant Hessian matrix).
The optimizations were carried out using the Berny analytical gradient optimization method. 25 Minimum energy pathways for the reactions studied were found by gradient 
PCM=THF/M06-2X/6-311+G (d) . All calculations were carried out with the Gaussian 09 suite of programs. 31 Structural representations were generated using CYLview.
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All the discussions will be based on the highest level used (PCM=THF/M06-2X/6-311+G (d) ). References to the other levels, whose values are provided in the supporting information, will be made when notable differences have been observed.
Consistently with our previous experimental report, we have studied the reaction between nitrone 1 and methyl acrylate 2 to give N-hydroxypyrrolidines 3 and 4 with (2R*,4R*,5R*) and (2R*,4S*,5S*) relative configurations, 33 respectively, in the presence of butyllithium in THF as a solvent (Scheme 2).
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Scheme 2. Cycloaddition reaction between 1 and 2.
Results and Discussion
The first irreversible step of the reaction illustrated in Scheme 2 is the proton Figure 1 ). From the other eight approaches we discarded four of them because they present significant unfavorable steric interactions.
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From the remaining four transition structures TS5 -TS8 only one did not present favorable interactions between the lithium atom and the carbonyl oxygen. Thus we located TS1 -TS8 illustrated in Figure 1 . All the levels of theory studied showed TS1 and TS3 as the most stable having significant differences (more than 3 kcal/mol) with the rest of TSs. The endo approach corresponding to TS1 is the most stable for all the levels studied with the exception of the highest one which showed TS3 to be 0.47 kcal/mol more stable. In this level, the calculated energy barriers for TS1 and TS3 were 14.69 and 14.22 kcal/mol, respectively. The geometries of TS1 and TS3 are given in Figure 2 . The forming C2-C3 bonds are 2.066 and 2.079 Ǻ for TS1 and TS3, respectively.
The distances between C4 and C5 are 2.988 and 2.902 Ǻ for TS1 and TS3, respectively.
These data point out to a very asynchronous concerted reaction. However, the frequency analysis -regarding the only negative frequency found for such TSs-was not definitive to identify the reaction as concerted. The corresponding IRC analysis for TS3 at M06-2X/6-31+G(d) level showed a concerted process starting in the reagents (nitrone 1 and methyl acrylate 2) and finalizing in the corresponding coordinated Nhydroxypyrrolidine. 34 On the other hand, an identical IRC analysis for TS1 at the same level of theory showed 5 and 2 as the starting point but IN1 as the final one. Moreover, although TS3 leads to the major isomer (2R*,4R*,5R*) observed experimentally, TS1
predicted the obtention of (2R*,4S*,5R*) isomer, whereas the minor isomer observed experimentally was that having the (2R*,4S*,5S*) configuration (Scheme 4). At this point, it was evident that the direct approach cannot be considered as the correct one.
Notably, IRC analyses of both TS1 and TS3 at the highest Further evolution of IN2 towards the product is rather limited because of the rigidity of the model. Thus, transformation of IN2 into PR1, precursor of the major product observed experimentally, is only possible through TS10. We located all the stationary points illustrated in Scheme 5. A full energy diagram is given in Figure 4 . Notably, TS9
is 5.53 kcal/mol lower in energy than TS3, thus demonstrating that the pathway illustrated in Scheme 5, involving previous coordination of methyl acrylate, is preferred.
The activation free energy associated with the conversion of the reagents into IN2 is 8.69 kcal/mol. The intermediate IN2 is located 0.32 kcal/mol below the reagents and the energy barrier for the second step of the reaction is 13.27 kcal/mol to form the adduct PR1, which is located 15.72 kcal/mol below the reagents. Consequently, the rate-limiting step for this process is the intramolecular Mannich-type reaction.
13 Cycloaddition with disubstituted alkenes. The reaction of nitrone ylides with methyl fumarate 8 afforded an only diastereomer in all cases studied. 20 The obtained isomers have (2R*,3R*,4R*,5R*) configuration (Scheme 5, compound 10). In order to evaluate if the same mechanism operating for methyl acrylate 2 could be valid for disubstituted alkenes we studied the reaction following the same methodology described in the preceding section. Calculations at PCM=THF/M06-2X/6-311+G (d,p) level of all the stationary points illustrated in Scheme 5 (R = CO 2 Me) were carried out. In addition, the corresponding transition structures equivalent to TS1 and TS3 were also located showing in both cases higher energy values than TS13, the corresponding transition structure for the initial Michael addition (for details see supporting information). A full energy diagram is given in Figure 6 . The geometry of TS13 is given in Figure 7 . The length of the forming C2-C3 bond is 2.085 Ǻ and an interaction between C4 and C5 is observed with a distance of 2.749 Ǻ. The IRC analysis of TS13 led to the same conclusion that in the case of TS9 for methyl acrylate, the final forward point being
IN5
. Thus, also in the case of methyl fumarate the reaction follows a stepwise mechanism. However, some important differences are appreciated in the energy diagram illustrated in Figure 6 In consequence, for the reaction of nitrone ylide 5 with methyl fumarate 8 the preferred pathway is that in which the lithium atom is tricoordinated only being possible the formation of adduct 10 ( Figure 6 , black path). These results fully explain the completed stereoselectivity observed experimentally. The geometries of TS14, TS15 and TS16 are given in Figure 7 being very similar to those found for methyl acrylate (TS10-TS12).
The length of the forming C4-C5 bond in TS14, TS15 and TS16 is 2.312, 2.312 and 2.310 Ǻ, respectively. The energy barrier for this transformation is 7.8 kcal/mol since 13 is 1.29 kcal/mol above the reagents (nitrone ylide and alkene). The geometry of TS17 is given in Figure   9 . and PR9 through TS20 and TS21, respectively. Whereas TS21 leading to the not experimentally observed isomer 15 is 0.13 kcal/mol below the reagents, TS20 leading to the obtained 14 is found to be considerably less stable being 7.38 kcal/mol above the reagents. The lengths of forming bonds C4-C5 in TS20 and TS21 are 2.312 and 2.310 Ǻ, respectively (Figure 9 ).
From these results it becomes evident that in the case of methyl maleate the preferred route is the formation of IN8 through TS17 and IN7, followed by transformation into PR7 through TS19 (Figure 8 , black path). The rate-limiting step of the process is the first Michael attack (TS17) with an energy barrier of 8.47 kcal/mol and the further evolution through the only possible TS19 fully justifies the obtention of an only isomer with all-cis configuration.
Conclusions
The molecular mechanisms for the reaction of nitrone ylides with electrondeficient alkenes have been investigated by DFT methods. Both concerted and stepwise mechanisms have been considered. In all cases, the reactions showed to be stepwise consisting of an initial Michael attack followed by an intramolecular Mannich-type reaction. Coordination of the lithium atom to the nitrone oxygen and carbonyl oxygen atoms in an early step of the reaction promotes both steps efficiently. The reaction with methyl acrylate can take place through two intermediates associated to di-and tricoordinated lithium models. The tricoordinated model only can lead to the all-cis (2R*,4R*,5R*) isomer, whereas the dicoordinated model can lead to isomers having (2R*,4R*,5R*) and (2R*,4S*,5S*) configurations. Even though both models might be competitive , the calculations correctly predict the experimental observations in which the minor (2R*,4S*,5S*) isomer is also obtained. On the other hand, for the reaction of nitrone ylides with methyl fumarate and maleate, calculations predict the tricoordinated model as the preferred one thus explaining that only one isomer is obtained, in full agreement with the experimental findings. Several levels of theory using B3LYP and M06-2X functionals have been employed and only those using the Thrular's functional provided successful results. Also, the use of 3Z basis sets was crucial for the identification of the stepwise mechanism by means of IRC analyses.
